Abstract Plasmodium berghei ANKA is known to be responsible for causing neurological complications in susceptible strain of mice. Despite the decades of research, pathogenesis of cerebral malaria is still unknown. Histopathological and immunofluorescent staining was performed on brain of P. berghei ANKA infected and artesunate-
Introduction
Cerebral malaria (CM) is a neurological complication of Plasmodium falciparum infection. CM is most common in children younger than 5 years in sub-Saharan Africa and adults in parts of Southeast Asia. Blurred vision, impaired consciousness and convulsions which may proceed to coma and death are common symptoms. Plasmodium berghei ANKA (PbA) isolated from thicket rats can induce a neurological syndrome in rodents that partially mimics human CM in susceptible laboratory strains of mice (Idro et al. 2010) .
PbA infection in mice displays key features of human CM. C57BL/6 mice infected with PbA exhibit paralysis, ataxia, convulsions, coma within 6-8 days after infection (Desruisseaux et al. 2008) . The sequestration of leukocytes and parasitized/normal erythrocytes in the cerebral vessels and damage to endothelial cells is involved in pathogenesis of cerebral malaria. The histopathological changes in rodents cerebral malaria are characterized by loss of vascular cell integrity, tissue oedema and congestion of vessels with infected/non-infected erythrocytes and various leukocytes (Schofield and Grau 2005) .
In addition to sequestration of infected RBCs and leukocytes to brain vessels, various inflammatory cytokines such as IFN-c, TNF-a and IL-1 are also associated with P. berghei ANKA infection in rodents (Jain et al. 2008) . During experimental cerebral malaria, CD4
? and CD8 ? T cells played a central role in priming PbA specific T cell responses. The effects of these activated T cells lead to the breakdown of blood-brain barrier with vascular leakage and hemorrhaging in the brain of host (Adams et al. 2008) . Present study has been designed to localize the sequestration of lymphocytes in brain of PbA infected and artesunate-sulphadoxine-pyrimethamine treated mice using hematoxylin/eosin and immunofluorescent staining.
Materials and methods

Experimental model
Outbred Laca strain of mice 5-6 weeks old of both sex (20-25 g) were procured from Central Animal house, Panjab University, Chandigarh. Animals were given pellet feed and water ad libitum. Care and handling of animals was done by the guidelines approved by the Institutional Animal Ethics Committee (IAEC) of the Panjab University, Chandigarh. Ethical clearance for the present study has been taken from IAEC (45/GO/ReBi/S/99/CPCSEA) of the Panjab University, Chandigarh.
Parasite
Blood stages of P. berghei ANKA was maintained in vivo by intra-peritoneal (i.p.) inoculation of 10 6 infected erythrocytes from infected to naive mice. Thin blood smears were examined from D3 to D30 on alternate days. About thousand erythrocytes were counted to calculate the parasitemia using following formula:
Number of infected erythrocytes Total Number of erythrocytes Â 100
Study design
Three groups having six mice each were used for present study. GP-II and III were infected with 1 9 10 6 parasitized RBCs (i.p.) on D0. GP-II and GP-I mice were administered with 0.2 ml phosphate buffer saline (PBS, pH 7.2) for D0-D3 orally. GP-III was given 0.2 ml/mouse/OD Artesunate (4 mg/kg) from D0 to D3, whereas, SP (25-1.25 mg/kg) was administered only on D0.
Histopathology of brain
Animals were anaesthetized using pentobarbitone sodium. Brain was extracted from normal (GP-I), P. berghei ANKA infected (GP-II) and AS ? SP treated (GP-III) animals on D9 and D15 and processed for histopathological studies. Tissue was washed in 1 9 phosphate buffer saline-PBS (pH 7.2) and fixed in 10% buffered formalin. After three washes in PBS (30 min each), tissue was dehydrated in 30%, 50%, 70% and 90% alcohol 45 min each. Two changes were given in absolute alcohol 30 min each. Tissue was cleared by giving two changes in Toluene 30 min each. Then, tissue was finally embedded in paraffin wax with melting point of 58-60°C. Wax blocks were prepared and 7 l thick sections were cut with microtome on gelatine coated slides (Kumar et al. 2013) .
Haematoxylin/eosin staining of sections Transverse section of brain was stained with Delafield's haematoxylin/eosin technique (H/E) (Baker 1945) to study histology. Dewaxed paraffin sections of tissues in Xylene (5 min) and downgraded through various grades of alcohol to water. Sections were stained with haematoxylin for 15 min and differentiated in acid water and ammonia water. Stained in 90% alcoholic eosin for 30 s. Slides were transferred to xylene (6 min) for clearing and mounted in DPX. The slides were studied under 20 9 of compound microscope and photographed to study the changes in brain tissue.
Immunohistochemical (IHC) staining of Brain
IHC staining of brain was done in GP-I (D0), II and III on D9 and D15 by method of Pais and Chatterjee (2005) . Paraffin sections were dewaxed in two changes of Xylene (2 min each). It was followed by downgrading the section through various grades of alcohol to water (2 min each). Antigen retrieval was done by incubating the sections in 3% H 2 O 2 in absolute methanol for 30 min at 37°C. Blocking was done by 3% bovine serum albumin (BSA) in PBS (pH 7.2). It was followed by incubation at 37°C for 3 h in humid chamber. Sections were stained with primary antibody using 1:100 dilution (anti-mouse CD3, CD4, CD8) purchased from Bio-legend and incubated at 4°C overnight in humid chamber. After washing with PBS thrice, sections were incubated with secondary antibody using 1:500 (anti-mouse CD3 -FITC) purchased from BD biosciences for 1 h (Dark). After incubation sections were washed three times with PBS and incubated with DAPI at 1:1000 in PBS (Thermo-Fischer) for 2 min at 4°C followed by washing with PBS and observed under microscope (20 9 and 40 9).
Results
Course of parasitemia
Laca mice infected with 1 9 10 6 P. berghei ANKA parasitized red blood cells exhibited regular course of infection (Fig. 1) . All the mice of GP-II group died due to infection by D15. Whereas, only 1.6 ± 0.98% infection was observed in drug treated mice (GP-III) on D6. It declined and all mice were cleared of parasite infection by D11. After this no parasite was observed in this group up to 1 month (Fig. 1) .
Histopathological changes in brain
Brain was extracted out from GP-I (D0), GP-II and GP-III on D9 and D15 for histopathology analysis. Sections were stained by Delafield's haematoxylin/eosin technique (H/E) by using Baker's (1945) method.
Normal brain
The haematoxylin/eosin stained transverse sections of normal mice brain showed characteristic brain histology without any sign of abnormal features such as haemorrhages, oedema or intravascular cell adhesion (Fig. 2) . The cerebral cortex showed no sign of inflammation. Pyramidal cells were found to be normal in appearance (Fig. 2a, b) . Cerebellum cortex was observed to be normal with no sign of haemorrhage (Fig. 2e, f) . Histopathological analysis of GP-II and GP-III Transverse section of brain from GP-II mice (on D9) showed micro and perivascular haemorrhages especially in areas such as the cerebellum due to cerebral malaria. Cerebrum region of brain showed infiltration of RBCs and lymphocytes within cerebral vessels (Fig. 3a, b) . Infected and non-infected RBCs were also found adherent to the cerebral vessels (Fig. 3c, d ). Thalamus region showed large activated astrocytes and pyknotic neurons which is the sign of inflammation (Fig. 3e) . Cerebellar haemorrhages were also observed (Fig. 3f) . Whereas, in GP-III mice (on D9), no sign of injury was observed. Cerebral cortex appeared normal (Fig. 4a, b) . Thalamus region showed no sign of inflammation (Fig. 4c,  d) . No haemorrhage was found in cerebellar cortex indicating that no injury occurred in brain of treated mice (Fig. 4e, f) .
GP-II mice brain on D15 post infection showed severe injuries as compared to D9 post infection (Fig. 5) . . CC cerebral cortex, BV blood vessels, AA activated astrocytes, PC perivascular cuffing, H haemorrhage, T thalamus, CLC cerebellum cortex Sequestration of RBCs and lymphocytes was more in cerebral vessels as well as marginalization of cells were clearly visible (Fig. 5a-f ). Brain endothelium was disrupted leading to the breakdown of blood brain barrier (Fig. 5e) .
However, brain of GP-III mice (on D15) did not show any injuries (Fig. 6a, b) . No sequestration of RBCs and lymphocytes in cerebral vessels was observed. Cerebral vessels appeared normal (Fig. 6b, e) . No haemorrhage was observed in cerebral as well as cerebellar cortex depicting the neuro protective role of AS ? SP during ECM (Fig. 6e,  f) .
Immunohistochemical staining (IHC) of brain
Immunohistochemical staining of brain was done in GP-I (D0), GP-II and GP-III (D9 and D15). Transverse sections of brain were stained with anti-mouse antibodies viz. CD3, CD4, CD8 as primary and CD3
-FITC (Fluorescein isothiocyanate) as secondary antibody. Sections were counter stained with DAPI (4 0 ,6-diamidino-2-phenylindole) and viewed under confocal laser scanning microscope (Nikon Eclipse) at University Institute at Pharmaceutical Sciences, Panjab University, Chandigarh (20 9). 
Normal brain (GP-I)
Immunohistochemical studies of normal brain revealed low immunofluorescence in cerebral cortex. CD3 is a common marker for T cells conjugated with FITC (green color), whereas, DAPI (blue color) is a nuclear stain. It strongly binds to A-T rich regions in DNA. DAPI stain was prominent in normal brain cortex showing the staining of cells in cortex region (Fig. 7a, d, g ). Fluorescence of FITC was observed less in normal brain depicting towards the lesser expression of T cells (Fig. 7b, ) were visible in blue and green color within the brain microvasculature (Fig. 7c, f, i ). Brain cells which are negative for CD3, CD4 and CD8 antibodies were observed in blue color only without FITC staining. No clumping of T cells was observed in cerebral cortex (Fig. 7a-i) .
Immunohistochemistry of GP-II and GP-III
Transverse section of brain of GP-II (D9) showed higher immunofluorescence (Fig. 8) . On merging, most of cells (Fig. 8c, f, i) . T cells were found to be observed in higher numbers in areas of cerebrum cortex indicating the adhesion of cells to endothelium (Fig. 8c, f, i) . In GP-III (D9) less immunofluorescence was observed as compared to GP-II mice (Fig. 9) . It is due to lower expression of T cells in GP-III and signifies the inhibition of recruitment of T cells to brain upon AS ? SP treatment (Fig. 9a-i) .
Micrographs of cerebral cortex in GP-II (D15) also showed high immunofluorescence (Fig. 10) . FITC brightly fluoresced on merging two fluorochromes confirming the much higher expression of CD3 ? , CD4
? and CD8 ? T cells in brain (Fig. 10c, f, i) . In GP-III mice, brain showed normal immunofluorescence as compared to GP-II mice on D15. Cortex region showed lesser FITC expression indicating the inhibition of infiltration of T cells in brain upon treatment with artesunate combination therapy ( Fig. 11a-i) .
Discussion
Plasmodium berghei ANKA (PbA) is known to cause neurological complications in susceptible strain of mice. During ECM, higher expression of Tumor necrosis factor-a (TNF) and Intracellular adhesion molecule-1 (ICAM) is associated with microvascular lesions of brain and vascular injury to blood brain barrier. Mice infected with P. berghei ANKA showed T (CD3 ? ) cells accumulation in cerebral vessels as well as quantitatively greater number of these T cells in brain regions which is responsible for causing neurological complications in host. Accumulated T cells were predominantly found luminal to cerebral microvasculature (Strangward et al. 2017) . CD4
? T cells facilitate the accumulation of CD8
? T cells into the brain of P. berghei ANKA infected mice and mediate the cerebral pathology in mouse model (Villegas-Mendez et al. 2012) .
In C57BL/6 mice infected with P. berghei ANKA, the majority of T cells were compartmentalized to the perivascular side of the blood vessels on D5 post infection. Few NK cells and B cells were also observed in brain on D7 post infection (Shaw et al. 2015) . In present study, histopathological analysis of P. berghei ANKA infected mice showed sequestration of leukocytes and infected/noninfected RBCs into cerebral vessels. Pyknotic neurons and activated astrocytes were also observed in cortex region of infected mice which signifies the cerebral inflammation in host. Perivascular CD8
? T cells during ECM induce signals into the parenchyma of the brain, contributing to the Immunofluorescence staining of brain of P. berghei ANKA mice on D7 post infection showed the perivascular adhesion of T cells (Shaw et al. 2015) . In present study, higher immunofluorescence staining in infected mice on D9 post infection confirms the presence of T cells in brain microvasculature.
Histopathological analysis of brain of mice treated with artesunate combination therapy showed no sign of neuro inflammation on D9. No injury to cerebrum as well as cerebellum region was observed in mice treated with AS ? SP on D9 and D15. Lower expression of FITC in brain vasculature indicates the lesser expression of T cells in brain on D9 and D15. It confirms the complete inhibition Whereas, mice infected with P. berghei ANKA on D15 post infection showed severe injuries to brain. Haemorrhages were commonly seen in histopathology and immunofluorescence was very high which indicates towards the much higher expression of T cells in brain vasculature leading to neurological complications in host.
Findings in present study indicate the localisation of T cells in brain of infected host which is the characteristic feature of experimental cerebral malaria. Treatment with artesunate combination therapy exhibited no sequestration of T cells into cerebral vessels and display no sign of injury to brain. Therefore, it is concluded that treatment of mice with ACT imparts complete protection from cerebral malaria. 
